Interaction between turbulent mixing and chemical kinetics is the key parameter which determines the combustion regime: only understanding such interaction may provide insight into the physics of the flame and support the choice and/or development of modeling tools. Turbulence/chemistry interaction may be evaluated through the analysis of the Damköhler number distribution, which represents the flow to chemical time-scale ratio. Large Damköhler values indicate mixing controlled flames. On the other hand, low Damköhler values corresponds to slow chemical reactions: reactants and products are quickly mixed by turbulence so the system behaves like a perfect stirred reactor. The calculation of the Damköhler number requires the definition of proper flow and chemical time-scales. For turbulent conditions, the flow timescale can be evaluated as the integral time-scale, even though in literature other mixing scales 1 are used (e.g. Taylor scales, Kolmogorov). Chemical time-scale calculation poses some issues. In literature several examples of Damköhler calculation are reported, but in most cases just a single global chemical reaction is taken into account to describe the oxidation process. A method for considering more complex kinetic schemes is proposed by Fox 1 who defines the chemical time-scale in terms of the inverse of the eigenvalues from the decomposition of the chemical source term Jacobian matrix. The present work aims at developing a procedure for the calculation of the chemical time-scale (and thus of the Damköhler number) with complex kinetics starting from the analysis of the Jacobian matrix of the chemical species source terms. Emphasis is made on the dimension of the Jacobian matrix, as it is not fully understood how the species for the time-scale calculation have to be chosen. In other words, one can refer to the full set of species (thus all species will have the same "weight"), but also to a sub-set of them. The main idea is to perform a preliminary analysis, based on Principal Variables (PV) to determine the relative importance of the chemical species, in order to select an optimal subset for the chemical time-scale calculation. Moreover the knowledge of chemical time-scale may help the choice of a proper time discretization for transient numerical models, such as those based on Large Eddy Simulations techniques. The procedure is illustrated and applied for the Moderate and Intense Low-oxygen Dilution (MILD) combustion as this kind of regime shows a strong coupling between turbulence and chemistry, mainly because of slower reaction rates (due to the dilution of reactants) in comparison with conventional combustion. The methodology is further validated on a DNS data set modeling a CO/H 2 jet flame.
Introduction
Interaction between turbulent mixing and chemical kinetics is the key aspect in combustion modeling as it determines the combustion regime. Therefore, a fundamental understanding of turbulence/chemistry interactions in reacting systems may provide the needed insight into the physics of the flame, allowing an appropriate selection or development of physical models. The Damköhler • Laminar Flames (Re < 1) -simple diffusion flames with no turbulent structures effecting the physics of the system.
• Thickened Flame (Re > 1, Da I 1, Ka > 100) -A turbulent regime where the reaction time scales of the system are much slower than the mixing time scales. Here reactants and products are quickly mixed by turbulence as the mixing scales are small enough to enter the inner reaction layer, accordingly the system behaves like a perfect stirred reactor leaving a system governed by the reaction scales.
• Thin reaction zones (Re > 1, 100 > Ka > 1) -A turbulent regime where the reaction scales of the system are larger than the smallest mixing scales, and the smallest mixing scales are not sufficiently small to enter the inner reaction layer where radicals begin to react with the fuel, but large enough to perturb the inert pre-heat zone thus distorting the laminar flame structure.
• Flamelets (Re > 1, Ka < 1, Da I > 1) -the system is governed by the mixing as the reaction times are all smaller than the smallest mixing scales, this is the case where the flame preserves a laminar flamelet shape within the smallest turbulent structures.
In contrast to premixed flames distinct regime definition for non-premixed combustion is difficult.
The definition of a characteristic flame velocity such as that of pre-mixed combustion is not available, 5 thus complicating the calculation of a reaction time scale. Non-premixed flames exhibit multiple flow scales which may evolve temporally as well as have dependance on spatial coordinates, and burner flow conditions, 6 this results in multiple choices for definition of the flow scales. Many authors suggest the use of the inverse of the stoichiometric scalar dissipation rate for the definition of a local mixing time τ χ . 5, 6 The local mixing time is calculated as
where Z st is the mixture fraction fluctuation and D is the thermal diffusivity. 7 Indeed much work is yet required for a more detailed description of the non-premixed combustion regimes. The determination of chemical time scales for turbulent combustion systems is particularly difficult as detailed reaction mechanisms are often required for adequate description of the combustion process. A definition of the laminar flame velocity s L , used for the calculation of τ c (δ /s L ) doesn't exist for non-premixed combustion. The chemical time (τ c ) is determined from several different methods including activation energy asymptotics, 8 global chemistry assumption, 9 or the critical scalar dissipation rate at quenching τ q = 1/χ q has been used for estimation of τ c with complex chemistry cases. 7 At this time a clear definition for τ c for complex chemistry systems involving detailed kinetic mechanisms is needed, and it is the focus of this work. In most cases a global chemistry assumption is made to simplify the estimation of τ c . An example of this is given by Kuo 10 where the following definition is used:
where ν is the kinematic viscosity, ε is the dissipation of turbulent kinetic energy, and K r is the kinetic constant of the global reaction. On the other hand, Fox 1 provides a method for considering more complex kinetic schemes, suggesting that the chemical time-scale can be defined in terms of the eigenvalues of the NxN Jacobian matrix J of the chemical source terms, whose elements J i j are given by (for an isothermal case):
Chemical time-scales can then be associated to each eigenvalues as:
where λ a is the eigenvalue vector from the eigenvalue decomposition of J. In a complex kinetic scheme, for which the time-scales can range over several orders of magnitude, the slowest chemical time-scale should be chosen for the estimation of the Damköhler number:
Such an approach was recently applied by Rehm et. al. 11 who calculated the Damköhler number for a gasification system using the most abundant species (i.e. N = 5) to define the Jacobian matrix. Retaining all the species of the kinetic mechanism may lead to the determination of non- In lower Damköhler flows turbulent structures can enter the flame pre-heating zone and further mix and distort the flame front, these unsteady effects require a modeling approach with higher coupling between the chemical reactions and the turbulent mixing. A model such as Eddy Dissipation Concept (EDC) [14] [15] [16] [17] transports the species involved in a detailed reaction mechanism, and treats the flame as an ensemble of perfectly stirred reactors (PSR) where the PSR residence time is a function of the local mixing time scales. This allows for a more complex chemistry tracking approach, while coupling the turbulent structures to the chemistry physics.
A particular combustion regime of interest in terms of the Damköhler analysis is the Flameless (or MILD) combustion regime. This regime is characterized by a strong coupling between turbulence and chemistry, because of slower reaction rates (due to the dilution of reactants) with respect to conventional combustion. 9 It is a generalized opinion that for such combustion regime the Damköhler number approaches unity. 18 Indeed many modeling investigations have shown that high Damköhler number approaches such as SLFM are not suited for this combustion regime due to the slow chemistry. 19 Encouraging results have been obtained through the EDC model, 17, [20] [21] [22] [23] [24] especially for its capability of handling detailed kinetic schemes. 25 However, some discrepancies are still observed when using EDC and model modifications have been proposed in the literature for better capturing flameless conditions. 26, 27 The objective of the present paper is that of defining a methodology for the determination of the principal variables of of PCA is to replace the p elements of X with a much smaller number, q, of PC, preserving at the same time the amount of information originally contained in the data. If a subset of size q Q is used, the truncated subset of PC is Z q = XA q . This relation can be inverted to obtain:
where A q is the matrix obtained by retaining only the first q columns of A. The linear transformation provided by 6 ensures that the new coordinate axes identified by PCA are orthogonal and they provide independent and decreasing contributions to the amount of original variance explained by the PC. Thus, if only the subset A q of A is retained, X q represents the best q-dimensional approximation of X in terms of squared prediction error. Variables are generally centered before PCA is carried out, to convert observations to fluctuations on the mean; moreover, scaling is applied when the elements of X have different units or when they have different variances, as it is the case for this investigation. A centered and scaled variable can be defined as: 31, 32 x
where d j is the scaling parameter adopted for variable x j . Several scaling options are available, including normalization by the variable range, standard deviation, maximum and average values.
The present paper uses the standard deviation as scaling parameter. This ensures that all the elements of the scaled X matrix have a standard deviation equal to one, giving them similar relevance.
Principal Variables. Principal variables (PV) represent an attempt to help the physical understanding of Principal Components. PV algorithms try to link the PC back to a subset of the original variables, which satisfies one or more optimal properties of PCA. A number of methods exist for selecting a subset q of Q original variables which preserve most of the variation in X. We can then suppose to partition the set of variables into X (1) and X (2). We can, therefore, express the sample covariance matrix as:
Then, the partial covariance for X (2) given X (1) can be expressed as:
With respect to Eq. (9), PV techniques attempt to minimize the information carried by the covariance matrix S 22,1 , by only considering the most important variables within the dataset.
Several PV methods exist in the literature. 29 In the present work, the method considered is the so-called B2 backward method. In the B2 method, PCA is performed on the original matrix of Q variables and n observations. The eigenvalues of the covariance/correlation matrix are then com-puted and a criterion is chosen to retain q of them, leaving S 22,1 as a (Q − q) × (Q − q) dimensional matrix. The criterion that determines q is then given by the trace of S 22,1 as:
here q begins at q = 1 and is incremented by 1 until the criterion is met. The term
can be interpreted as the lost variance of X by selecting the subset q. Selecting a value of γ = 0.01 (which is done in this study) would leave a retention of 99% of the variance in the system. This will lead to discarding Q − q variables, which are evaluated starting from the last component, looking for the variables corresponding to highest eigenvector coefficient. Those variables are then discarded, as they are highly correlated with a component not carrying any useful information.
Jacobian matrix down-sizing. The variables extracted with the principal variable algorithms are used to compute a subset of the full Jacobian matrix, only including the derivatives with respect to the selected principal variables. This allows the determination of the modes to be compared with the ones provided by the full Jacobian matrix, including all the species involved in the original detailed kinetic mechanism. In all cases, the determination of the Jacobian matrix is performed with an in house MATLAB® code JACOBEN. The code is particularly interesting as it formulates the chemical source term equations as symbolic expressions and then uses the symbolic differentiation function in MATLAB® to form the analytical expressions for the derivatives of the chemical source terms with respect to chemical species. The code requires the chemical mechanism to be in CHEMKIN format, as well as all thermodynamic state space parameters describing the turbulent combustion, including the species mass fractions and Temperature. A Jacobian matrix is then evaluated for every grid point provided in the thermodynamic state space input file. Figure 1 summarizes the process used in order to calculated the Damköhler number. imposing C ε1 = 1.6 for round jets. 23, 33 The KEE-58 mechanism 34 consisting of 17 species and 58 reversible reactions was employed for the oxidation process. Turbulence/chemistry interactions were modeled with the EDC model. The constant of the residence time in the fine structures was set to 1.5 as this was found to improve substantially the predictions of temperature and chemical species in flameless conditions. 27 For the boundary conditions, velocity inlet conditions were given to the unmixed fuel jet, co-flow oxidizer and tunnel air, paying particular attention to turbulent intensity. 23 The discretization was made with a second-order upwind scheme, whereas the pressure-velocity coupling was handled with the SIMPLE algorithm. Residuals for all equations were kept lower than 10 −6 as a convergence criterion. The temperature and CO mass fraction were also monitored at the exit plane as another convergence criterion. The numerical simulation results obtained from the simulation of the JHC burner have been successfully validated 27 the temperature T for cases HM1, HM2, HM3 along the axes of burner.
Second, in order to demonstrate consistency for the chemical time scale approach an additional analysis on Direct Navier Stokes (DNS) data, created by Sutherland 35 using Sandia National Laboratories S3D 36 
Results and Discussion
First we analyze the flameless combustion data set. Figure 3a shows Figure 6 shows the normalized trace of the variance which is lost based on a given value of q. It can be inferred that retaining 10 PV's will yield a 1% loss of variance explained Damköhler values increase and almost double when going from HM1 to HM3, i.e. increasing the oxygen in the co-flow from 3% to 9% and moving, therefore, to conventional flame conditions. It is interesting to note that the evaluation of τ c remains constant whiles using 1 to 11 PV's, as the 1st PV identified by the system is in fact CO 2 . Upon addition of the 12 th PV (CO) the analysis of the time-scales shows again the appearance of large chemical times, which are related to inactive thermo-chemical variables and which should be not considered in the analysis. This is confirmed by the analysis of Figure 9 , which shows the Da values as a function of ξ along the burner axis. This Damköhler number space is significant as it shows the possible reaction/mixing space. Figure   10 shows that Kolmogorov scales for the case HM1 are small enough to penetrate the thin reaction layer as Da B < 1, however, Da I > 1 leaving an observable flame shape. As would be expected if Da I < 1 a simple Perfectly Stirred Reactor model could accurately represent the system. Because the integral time scales are much larger than the reaction scales the system requires mixing physics. Figures 11 and 12 show the smallest mixing scales are larger than the reaction scales thus the flame preserves a flamelet shape were a thin distinct reaction zone is present. When Da B < 1 the reaction scales are slower than the mixing scales (HM1 case) thus a mixed flame front is expected. Figure   13 shows the contour plots of the Damköhler number for the three cases including stream lines of constant Temperature. As one would expect a higher O 2 content in the co-flow stream leads to faster combustion, and higher Damköhler numbers (see Figure 8 ), the effect of this is seen in Figure 13 as the reaction zone is stretched along the burner for the diluted O 2 case, leaving lower the assumption that the one-step global reaction correctly models the system. Figure 15 shows the results for the one-step global reaction time scale in comparison to the Principal Variable approach for the HM1 data set. A similar value for the smallest scale time scale near the stoichiometric mixture fraction is observed, with large differences moving in either direction of Z st .
In order to verify the proposed methodology, the DNS data set (described in the Test Cases Section)
is also analyzed using the new chemical time scale approach. First τ c is calculated using the full Jacobian matrix containing the information from all of the variables, including that which may produce slow dormant reaction times. Figure 16 shows the results using the full Jacobian matrix.
Similar to the analysis shown in Figure 3 the dormant reaction times hide the actual governing time scales of the system. In order to perform the proposed approach, Equation 10 was used again to determine the number of Principal Variables required for sufficient description of the data set. Figure 17 shows the normalized trace of the variance which is lost based on a given value of q, where q ≥ 3 will yield a 1% or less loss of variance. Figure 18 shows 
Conclusion
A proposed methodology is suggested for the calculation of Da in case of complex kinetic schemes.
In particular, Principal Component Analysis and Principal Variables based approaches appear well suited to the purpose, as they are able to identify the directions and variables carrying most of the information in a multivariate system. The methodology was successfully tested on flameless combustion data sets, for which validated numerical data obtained using a complex kinetic scheme are available, as well as a DNS data set of non-premixed, CO/H 2 combustion. In particular, the proposed methodology was able to identify the limiting time-scale for different configurations, 
